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ABSTRACT
A pseudo-Nambu-Goldstone boson, with a potential of the form V (φ) = Λ4[1 + cos(φ/f)],
can naturally give rise to an epoch of inflation in the early universe (Freese, Frieman, and Olinto
1990). The potential is naturally flat (as required by microwave background limits on the
amplitude of density fluctuations), without any fine-tuning. Successful inflation can be achieved
if f ∼ mpl and Λ ∼ mGUT . Such mass scales arise in particle physics models with a large gauge
group that becomes strongly interacting at a scale ∼ Λ, e.g., as can happen in the hidden sector
of superstring theories.
The density fluctuation spectrum can be non-scale-invariant, with more power on large
length scales (Adams, Bond, Freese, Frieman, and Olinto 1993). This enhanced power on large
scales may be useful to explain the otherwise puzzling large-scale clustering of galaxies and
clusters and their flows. Natural inflation differs from other models with extra large-scale power
in that the contribution of the tensor modes to microwave background fluctuations is negligible;
this difference should serve as a testable feature of the model.
I. INTRODUCTION
The inflationary universe model was proposed (Guth 1981) to solve several cosmological
puzzles, notably the horizon, flatness, and monopole problems. During the inflationary epoch,
the energy density of the universe is dominated by a (nearly constant) false vacuum energy term
ρ ≃ ρvac, and the scale factor R(t) of the universe expands exponentially: R(t) = R(t1)eH(t−t1),
where H = R˙/R is the Hubble parameter, H2 = 8πGρ/3−k/R2 (≃ 8πGρvac/3 during inflation),
and t1 is the time at the beginning of inflation. If the interval of exponential expansion satisfies
tend− t1 >∼ 65H−1, a small causally connected region of the universe grows to a sufficiently large
size to explain the observed homogeneity and isotropy of the universe today. In the process,
any overdensity of magnetic monopoles produced at an epoch of Grand Unification is diluted
to acceptable levels. The predicted GUT abundance of monopoles is Ωmon ≃ 1012, whereas the
energy density of our universe is observed to be within an order of magnitude of Ω = 1; here
the excess monopoles are simply ‘inflated away’ beyond our visible horizon. Inflation predicts a
geometrically flat universe (k = 0), Ω ≡ 8πGρ/3H2 → 1.
In this talk, I will report on the ‘natural inflation’ proposal. In this model, a pseudo-Nambu-
Goldstone boson (PNGB) [a particle such as an axion (Weinberg 1978; Wilczek 1978) or schizon
(Hill and Ross 1988)] serves as the field responsible for inflation, the inflaton. In particular, I
1
will focus on three attractive features of the model:
1. No ‘fine-tuning’ of the inflaton potential.
A successful inflationary model must provide sufficient inflation and an amplitude of density
fluctuations in agreement with observations. To satisfy these constraints, the potential for the
inflaton must be very flat. In natural inflation, a PNBG naturally provides a flat potential,
without any fine-tuning of parameters. I will quantify the flatness required and will illustrate
that it can be obtained ‘naturally’ with a PNGB.
2. Density fluctuation spectrum can have extra power on large scales.
The primordial density fluctuation spectrum generated by quantum fluctuations in the inflaton
field is a power law P (k) ∝ kn. In natural inflation a tilted spectrum with 0.6 ≤ n ≤ 1
is obtained. Thus, there can be more power on large length scales than the scale-invariant
n = 1 Harrison-Zeldovich spectrum. A smaller n seems favored to match many observations. In
addition, negligible gravitational wave modes are produced in natural inflation.
3. Particle physics motivation.
Recent work in particle theory has been moving in the direction of providing the type of particle
we need as the inflaton for natural inflation.
II. OUTLINE
First I briefly sketch how each of these three features arises. Subsequently I will provide
more detail.
1. No fine-tuning of the inflaton potential.
In ‘rolling’ models of inflation, the accelerated expansion of the universe takes place while the
inflaton ‘rolls down’ the potential that dominates the energy density of the universe. The
combination of two constraints, sufficient inflation and amplitude of density fluctuations in
agreement with observations, implies that the potential must be very flat (Steinhardt and Turner
1984). To quantify this statement, we find (Adams, Freese, and Guth 1991) that the ratio of
the height of the potential to the width to the fourth power is bounded to be quite small,
χ = ∆V/(∆φ)4 =
height
width4
≤ 10−6 . (1)
Most particle physics models produce χ = O(1). For the QCD axion, however, χ ∼ 10−64. This
small number arises because the height and width are given by two different mass scales (the
height by the logarithmic running of the coupling constant). The idea behind natural inflation
is to mimic the behavior of the QCD axion or other PNGBs, only at higher mass scales. The
inflaton will then have a flat potential with a small ratio χ.
The potential for the inflaton will then be
V (φ) = Λ4[1± cos(φ/f)] , (2)
as plotted in figure 1. The height and width of the potential are given by two different mass
scales: the height is 2Λ4 and the width is πf . The role of these two scales in particle physics
will be discussed later. For the QCD axion the scales are given by ΛQCD ∼ 100 MeV and
fPQ ∼ 1012 MeV. For inflation the scales are much higher: we need Λ ∼ mGUT ∼ 1016 GeV and
f ∼ mpl. With these scales for the inflaton we have χ = (Λ/f)4 ∼ 10−12, in agreement with the
constraint of eqn. (1).
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Figure 1: Potential of Eq. (5) for natural PNGB inflation; also, axion potential V (φ) for
temperatures T ≤ Λ.
2. Spectrum of Density Fluctuations
In natural inflation, the spectrum of density fluctuations that arises due to quantum fluctuations
in the inflaton field is P (k) = |δk|2 ∼ kn where n ≃ 1 − m
2
pl
8pif2 . Many inflationary models give
an n = 1 scale-invariant spectrum. Natural inflation gives 0.6 ≤ n ≤ 1. The lower limit on n
arises because successful reheating in the model requires f ≥ 0.3mpl. Thus natural inflation can
provide a tilted spectrum, n < 1, with more power on large scales than given by a scale invariant
spectrum. Ideally we would like to match measurements of microwave background anisotropies
by COBE, large-scale flows, sufficiently early galaxy formation, and large-scale clustering of
galaxies (such as measured by APM and IRAS). The first three of these can be simultaneously
matched in a cold dark matter (CDM) scenario for n ≥ 0.6 while the fourth prefers n ≤ 0.6.
Although it is difficult to simultaneously match all the data, a value of n < 1 may be preferred.
In addition, natural inflation has the feature that it produces negligible gravitational wave
modes. The same quantum fluctuations that lead to inflation density perturbations also lead
to gravity wave modes. Because these are negligible in natural inflation, natural inflation is
less restricted by the combination of observations mentioned above than are other inflationary
models. Also, the fact that the tensor modes are negligible is a prediction of the model. This
can be used to discriminate between inflationary scenarios once we can separate tensor from
scalar components in the data (see the talk by Steinhardt in this volume).
3. Particle Physics Motivation
An important motivation from the point of view of particle physics is the naturalness of the small
number χ that characterizes the flatness of the potential. In addition, recent work in particle
physics provides the type of particle physics we need. Examples will be discussed below.
III. THE MODEL
As mentioned above, to satisfy a combination of constraints on inflationary models, the
potential of the inflation must be very flat, χ ≡ ∆V/(∆φ)4 ≤ O(10−6 − 10−8) , where ∆V is
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the change in the potential V (φ) and ∆φ is the change in the field φ during the slowly rolling
portion of the inflationary epoch. Thus, the inflaton must be extremely weakly self-coupled,
with effective quartic self-coupling constant λφ < O(χ) (in realistic models, λφ < 10−12).
Thus inflation requires a small ratio χ1/4 of two mass scales. One can take two different
attitudes about this small ratio: 1) One can wait until the heirarchy of mass scales in particle
physics is understood. We know there is a heirarchy problem as yet unexplained in particle
physics. Perhaps, in the future, when this is understood, an explanation for the small ratio of
scales in inflation will arise. 2) One can use ideas that exist in particle physics today. At present
we know of two ways to get small masses (m ≪ mpl) in particle physics – (i) supersymmetry
protects small masses, and (ii) Goldstone bosons. Here we will take the second attitude and
use Goldstone bosons to look for an explanation for the small ratio of mass scales required
for inflation. Natural inflation takes advantage of pseudo-Nambu-Goldstone bosons in particle
physics that can naturally have potentials with two widely disparate mass scales for height and
width.
For the past ten years, people have realized that rolling fields in inflation require flat po-
tentials and that the parameters of the potentials must typically be fine-tuned. Most particle
physics models require χ = O(1), in contradiction with eqn. (1). But we know of a particle with
a small ratio of scales: the ‘invisible’ axion has self-coupling λa ≃ [ΛQCD/fPQ]4 ≃ 10−64 (Dine,
Fischler, and Srednicki 1981; Wise, Georgi, and Glashow 1981). Here we use a potential similar
to that for axions in inflation; we obtain ‘natural’ inflation, without any fine-tuning.
The potential we obtain is of the form V (φ) = Λ4[1 + cos(φ/f)], as in Fig. 1 (the potential
takes this form for temperatures T ≤ Λ). The height of the potential is 2Λ4, and the width of the
potential is πf . Thus, the height and the width are given by two different mass scales, Λ and f .
As explained below, f is the scale of spontaneous symmetry breaking of some global symmetry,
and Λ is the scale at which a gauge group becomes strong. For example, for the QCD axion,
f is given by the Peccei-Quinn scale, fPQ ∼ 1015 GeV, and Λ by the QCD scale, ΛQCD ∼ 100
MeV. The ratio of these two scales to the fourth power is a very small number, χ ∼ 10−64. For
inflation, we don’t need a ratio quite this small, but, in order to satisfy various constraints on
the model, we will need the mass scales to be higher. We can use a particle similar to the QCD
axion (but not the QCD axion itself). Inflation needs Λ ∼ mGUT and f ∼ mpl.
IIIA. Naturalness
I will now briefly illustrate how these potentials satisfy the criterion of naturalness. I will
use the definition of naturalness proposed by ’t Hooft (1979): a small parameter α is natural if,
in the limit α → 0, the symmetry of the system increases. I will show how the axion satisfies
this criterion. [For references on axion cosmology, see Preskill, Wise, and Wilczek 1983; Abbott
and Sikivie 1983; and Dine and Fischler 1983]. In order to solve the strong CP problem of QCD,
Quinn and Peccei (1977) introduced a global U(1) symmetry which is broken at a scale f , i.e.,
for T ≤ f , the potential of the PQ (Peccei Quinn) field is as illustrated in Fig. 2a. For T ≪ f ,
the radial modes are frozen out because they are very massive, and the only remaining degree of
freedom is the angle φ/f around the bottom of the Mexican hat-shaped potential. This angular
degree of freedom φ is the axion field (Weinberg 1978; Wilczek 1978).
One can plot the value of the potential around the bottom of the Mexican hat, i.e. V
as a function of the angular variable φ/f . For temperatures f ≥ T >∼ Λ, the potential has
the same value for any choice of φ. This flat potential is plotted in Fig. 2b. The Lagrangian
for the φ degree of freedom is just Lφ =
1
2 (∂µφ)
2, which is invariant under the transformation
φ → φ + const. In this sense the U(1) symmetry is said to be nonlinearly realized (any point
around the bottom of the Mexican hat is equivalent).
For the axion, however, this is not the entire story because of the chiral anomaly in QCD.
The axion part of the QCD Lagrangian is Lφ =
1
2 (∂µφ)
2+ g
2
32pi2
φ
f tr(FF˜ ). At finite temperature,
the path integral from which one extracts the free energy density is dominated by instanton
configurations.
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As the temperature drops below T ≤ Λ, instanton effects turn on, and the bottom of the
Mexican hat develops ripples in it. Not all points in the bottom are equivalent any more. One
can think of this as placing a block under one side (or under several points) of the hat, so that
the potential as a function of the angular variable φ is as in Fig. 1. This is the cosine potential
given in Eq. (2). This cosine potential is invariant under the transformation φ → φ + 2πfN
where N is the number of minima (ripples) of the potential (in Eq. (2) I have set N=1). These
ripples around the bottom of the Mexican hat break the nonlinearly realized symmetry from
continuous to discrete. If one were to set Λ = 0, then the potential would always retain the flat
form of Fig. 2b for all temperatures, rather than picking up the cosine shape from instantons.
Thus, taking the limit Λ→ 0 restores a continuous symmetry. By the definition of naturalness
given above, small Λ is therefore natural. As mentioned before, for the case of QCD axions,
(ΛQCD/f)
4 ∼ 10−64.
Figure 2: a) Potential of Peccei Quinn field for T ≤ f . The angular degree of freedom around
the bottom is the axion field φ. b) Axion potential V (φ) for temperatures f ≥ T >∼ Λ.
For the inflaton, we used a scalar field with small self-coupling χ, similar to the case of
axions, although the ratio of parameters does not need to be as small. Thus, we considered an
axion-like model with scales Λ and f as free parameters; we found that inflation is successful
for f ∼ mpl and Λ ∼ mGUT ∼ 1016 GeV. Here, f is the scale at which a global symmetry is
spontaneously broken, and Λ is the scale at which a gauge group becomes strongly interacting.
These mass scales arise in particle physics models, as described below.
IIIB. Constraints on the Potential
We considered several requirements on inflationary models with naturally small couplings
provided by PNGBs. These constraints illustrate why we need the height of the potential to be
∼ mGUT and the width to be ∼ mpl.
1) Sufficient inflation
As we will see, sufficient inflation requires f ≥ 0.06mpl.
Since the potential as a function of φ is flat for temperatures T >∼ Λ, we assumed that the
value of the φ field is initially laid down at random anywhere in the range 0 ≤ φ/f ≤ 2π in
different horizon-sized regions. In other words, at any one place in the universe, the value of
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φ/f can randomly take on any value between 0 and π. Once the temperature drops to T ≤ Λ,
the cosine potential appears and φ starts to roll down the hill. Only those parts of the universe
which start out with φ far enough uphill (close enough to the top of the potential) will get
enough inflation to solve the cosmological problems. We estimated the success of our scenario
by calculating (as a function of f) the probability of φ being close enough to the top of the
potential to have sufficient inflation. We estimated this probability in two different ways: an a
priori and an a posteriori probability described below. The requirement that sufficient inflation
occured with a probability O(1) drives the value of f to be near the Planck mass mpl.
a) a priori probability:
First we looked at a time slice of the universe before inflation to see what fraction of
the universe will inflate sufficiently. Let’s take φ1 to be the value of the field at some point
in space at the beginning of inflation. By demanding that there be at least 60 e-foldings of
inflation, we found the maximum value φmax1 of φ1 consistent with sufficient inflation. In other
words, we found how far down the potential the field could be at the beginning of inflation,
and still give rise to enough inflation. The fraction of the universe with φ ∈ [0, φmax1 ] inflates
sufficiently. For φ1 randomly distributed from 0 to πf , the probability of sufficient inflation is
then φmax1 /πf . For f = (3, 1,
1
2 , and
1√
24pi
)mpl, the a priori probability of sufficient inflation is
(0.7, 0.2, 3× 10−3, and 3× 10−41) respectively. Clearly f must be near mpl.
b) a posteriori probability
However, the a priori probability just described is probably overly cautious and constraining.
Above, we considered the fraction of the universe before inflation; in fact, the part of the universe
that does inflate ends up much larger than the part that doesn’t, and thus occupies a larger
fraction of the universe. Here we discuss the probability of sufficient inflation by considering
the fraction of the universe after inflation that is sufficiently homogeneous and isotropic; to
summarize our result, we find that f ≥ 0.06mpl is required for sufficient inflation.
To obtain an aposteriori probability, we look at the universe after inflation is finished. Those
regions that started out closer to the top of the hill inflated a great deal more and thus occupy
a much larger fraction of the universe at the end of inflation. Here we consider the aposteriori
probability of inflation, that is, the fraction of the final volume of the Universe that inflated
sufficiently. We calculated the fraction of the volume of the Universe after inflation which had
inflated by at least 60 e-foldings; we found that the a posteriori probability for inflation is
essentially unity for f greater than the critical value fc ∼ 0.06mpl.
Those values of f which correspond to non-scale-invariant density fluctuations with n < 1
require the field to start relatively close to the top of the potential. This is not a problem (does
not lead to fine-tuning) because, in our model, there are regions of the universe which start out
with φ near the top of the potential, since the field is randomly distributed between 0 and π
to begin with; those regions with φ near the top inflate more and grow much larger than any
other portions of the universe. In fact, for f ≥ 0.06mpl, those regions which started out with
φ relatively near the top dominate the universe after inflation. Thus it is perfectly reasonable
(probability O(1)) that our observable horizon should be within one of these regions.
2) Density Fluctuations.
Inflationary models generate density fluctuations with amplitude
(δρ/ρ)|hor ≃ H2/φ˙ , (3)
where the right hand side is evaluated at the time when the fluctuation crossed outside the
horizon during inflation, and (δρ/ρ)|hor is the amplitude of the perturbation when it crosses
back inside the horizon after inflation. Fluctuations on observable scales are produced during the
time period (60 - 50) e-foldings before the end of inflation. The largest amplitude perturbations
are produced at 60 e-foldings before the end of inflation,
δρ
ρ
∣∣∣∣
hor
≃ 3Λ
2f
m3pl
(
8π
3
)3/2
[1 + cos(φmax1 /f)]
3/2
sin(φmax1 /f)
. (4)
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Constraints on the anisotropy of the microwave background (e.g. the recent measurement by
COBE) require (δρ/ρ)|hor ≤ 5× 10−5, i.e.,
Λ ≤ 5× 1015GeV for f = mpl (5a)
Λ ≤ 9× 1014GeV for f = mpl/2 . (5b)
Thus, to generate the fluctuations responsible for large-scale structure, Λ should be comparable
to the GUT scale, and the inflaton mass mφ = Λ
2/f ∼ 1011 − 2× 1012 GeV.
In this model, the fluctuations deviate from a scale-invariant spectrum. For f <∼ 3mpl/4,
the amplitude grows with mass scale M as (δρ/ρ)|hor ∼ Mm
2
pl/48pif
2
. As a result, the pri-
mordial power spectrum (at fixed time) is a power law, |δk|2 ∼ kn, with spectral index n ≃
1 − (m2pl/8πf2). The extra power on large scales (compared to the scale-invariant n = 1)
may have important implications for large-scale structure. A detailed discussion is presented in
Adams et al. (1993) and only a brief discussion here.
In figure 3, cold dark matter models with n =1, 0.8, 0.6, 0.4,..., -1 are compared with the
angular correlation function wgg(θ) determined from the APM Galaxy Survey [Maddox et al
1990]. The APM survey is a two dimensional survey of several million galaxies to a depth of
600 h−1 Mpc. At large angles, the structure is still in the linear regime. The data suggest
0 ∼< n ∼< 0.7 is needed for the CDM model if biasing is linear on large scales.
Figure 3: Cold Dark Matter models (with n = 1, 0.8, 0.6, 0.4,..., -1) are compared with the
angular correlation function wgg(θ) determined from the APM Galaxy Survey. No nonlinear
corrections were applied to the theoretical power spectra, but for angular scales above ∼ 1◦
and for amplitude factors σ8 ∼< 1, the linear approximation is accurate [Couchman and
Bond 1989]. The theoretical curves are in units of (bgσ8)
2. The straight line gives the
angular correlation that would result if the behavior of the spatial correlation function
observed over distances r ∼< 10h−1 Mpc, ξ ∼ r−1.8, were extended to large separations.
Vertical hatchmarks indicate the allowed region once corrections for systematic errors in
the observations are included. The data therefore suggest 0 ∼< ns ∼< 0.6 is needed for the
CDM model if biasing is linear on large scales and if h ≥ 0.5.
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We pay special attention to the prospects of using the enhanced power to explain the
otherwise puzzling large-scale clustering of galaxies and clusters and their flows. We find that
the standard cold dark matter (CDM) model with 0 ∼< ns ∼< 0.6 could in principle explain
these clustering data, such as the APM galaxy angular correlation function. However, the
microwave background anisotropies recently detected by COBE (Smoot et al 1992) imply such
low primordial amplitudes for these CDM models (that is, bias factors b8 ∼> 2 for ns ∼< 0.6) that
galaxy formation would occur too late to be viable and the large-scale galaxy velocities would
be too small. In fact, combining the COBE results with the requirement of sufficiently early
galaxy formation (zgf > 2) leads to the constraint ns ∼> 0.63, which corresponds to f ∼> 0.3mpl
for natural inflation (virtually the same as the sufficient reheating constraint). A comparable
bound, ns ∼> 0.72, arises by combining COBE with the inferred large-scale flows. Although no
single value of the spectral index ns in the standard cold dark matter model universally fits the
data, a value ns ≤ 1 may be combined with other variations of the standard CDM framework
to explain the large-scale structure. For example, if the baryon density is as high as ΩB = 0.1
or the Hubble parameter as low as H0 = 40 km/sec/Mpc, then ns ∼ 0.7 with CDM would be
at least marginally consistent with the large-scale clustering data, COBE, large-scale velocities,
and the requirement of sufficiently early structure formation.
Gravitational Wave Modes:
The same quantum fluctuations that give inflaton density fluctuations δρ/ρ also give grav-
itational wave perturbations. The ratio of the gravitational wave power spectrum PGW to the
adiabatic density perturbation power spectrum PDP at horizon crossing is
P
1/2
GW
P
1/2
DP
=
√
32π|φ˙|
3mplH
. (6)
For natural inflation, we find that the gravity waves are exponentially suppressed relative to the
adiabatic scalar fluctuations of the inflaton over the observable large-scale structure waveband.
In particular, for f ≤ mpl, this ratio < 0.04 for modes with wavelength equal to the current
Hubble radius.
On the other hand, for n < 1, the gravitational wave modes are important (Davis et al 1993;
Abbott and Wise 1984) in many other inflationary models including power law inflation and
extended inflation (La and Steinhardt 1989). Because of these modes, constraints on the power
law index become more restrictive. For example, the combination of COBE and demanding that
the redshift of earliest galaxy formation be bigger than 3 requires n > 0.8. Thus, the fact that
gravitational wave modes are negligible in natural inflation has two interesting consequences: i)
weaker restrictions on the power law index and ii) a prediction — one can use the relative power
of tensor to scalar modes to discriminate among inflationary models.
3) Reheating. At the end of the SR regime, the field φ begins to oscillate about the minimum
of the potential, and gives rise to particle and entropy production. The decay of φ into fermions
and gauge bosons reheats the universe to a temperature (Steinhardt and Turner 1984)
TRH =
(
45
4π3g∗
)1/4
min
[√
H(φ2)mpl ,
√
Γmpl
]
, (7)
where g∗ is the number of relativistic degrees of freedom. On dimensional grounds, the decay
rate is Γ ≃ g2mφ3/f2 = g2Λ6/f5, where g is an effective coupling constant. (For example, in
the original axion model (Weinberg 1978, Wilczek 1978) g ∝ αEM for two-photon decay, and
g2 ∝ (mψ/mφ)2 for decays to light fermions ψ.) For f = mpl and g∗ = 103, we find TRH =
min[6× 1014 GeV , 108g GeV]. Since we generally expect g <∼ 1, the reheat temperature will be
TRH <∼ 108 GeV, too low for conventional GUT baryogenesis, but high enough if baryogenesis
takes place at the electroweak scale. Alternatively, the baryon asymmetry can be produced
directly during reheating through baryon-violating decays of φ or its decay products. The
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resulting baryon-to-entropy ratio is nB/s ≃ ǫTRH/mφ ∼ ǫgΛ/f ∼ 10−4ǫg, where ǫ is the CP-
violating parameter; provided ǫg >∼ 10−6, the observed asymmetry can be generated. Using
Λ(f) obtained from density fluctuations, requiring TRH > 100 GeV (the electroweak scale), we
find that we need f/mpl ≥ 0.3. This is where the lower limit on the width of the potential comes
from.
IIIC. Particle Physics Motivation
An important motivation is the naturalness of the model. In addition, we have investigated
[Adams et al 1993] particle physics models which already accomodate particles of the type we
need for natural inflation. For example, suppose the gauge symmetry of the effective theory
below the scale f ∼ mpl is a product group G1 × G2, where G1 is a standard grand unified
group which spontaneously breaks down to the standard model at some scale MGUT . In other
words, G1 describes the physics of ordinary quarks and leptons while G2 might describe a
‘hidden sector’. Let G2 be an asymptotically free non-Abelian gauge theory which becomes
strongly interacting at a scale Λ comparable to the GUT scale. Possibilities include making G2
a technicolor group. A second motivation for a gauge group which becomes strongly interacting
at the GUT scale comes from superstring theory. For example, in the original heterotic string
model, G1×G2 = E8×E′8. In the effective field theory arising from superstrings, an important
role is played by the complex scalar field S = ReS + iφ˜. The real part of this field is the
dilaton; the imaginary part φ˜ is the ‘model-independent axion’ (Witten 1984; Choi and Kim
1985; Binetruy and Gaillard 1986 also considered this possibility in the context of the models of
Dine et al 1985). A particle of this type could play the role of the inflaton for natural inflation.
When G2 becomes strong at the GUT scale, the field S gets a potential V (S) ∼ e−cS. The
imaginary part is V (φ˜) ∝ cosφ˜, exactly of the right form. The role of V (S) in particle physics is
to fix the coupling constants of our universe described by G1 and is suggested as a way to break
supersymmetry in a phenomenologically viable way.
I would like to briefly comment on another attractive feature of the model. Inflation com-
pletely solves the flatness problem if it begins at Tc = mpl = 10
19 GeV. If it begins later, then
for the case of the closed universe, the universe recollapses before Tc is ever reached unless the
universe has an entropy S¯ ≥ (mpl/Tc)3. It is thus very attractive to begin inflation at the Planck
scale. However, tensor modes (Krauss and White 1993) seem to require inflation in rolling fields
to have its last 60 e-foldings begin at or below the GUT scale, ≤ 1016 GeV. In natural inflation,
we can have an early inflationary epoch at the Planck scale as the radial component of (the
equivalent of) the Peccei Quinn field rolls down its potential after the PQ symmetry is broken.
Also, spatial gradients in φ are efficiently damped during this brief inflation period of the radial
field (Linde, private communication). Then, subsequently, at T ≤ Λ ∼ mGUT , the natural
inflation we have described above can take place for the last 60 e-foldings of inflation.
IV. CONCLUSION
In conclusion, a pseudo Nambu-Goldstone boson, with a potential [(Eq. 2)] that arises
naturally from particle-physics models, can lead to successful inflation if the global symmetry-
breaking scale f ≃ mpl and Λ ≃ mGUT . Natural inflation is a model that has i) no fine-tuning:
the potential is naturally flat, ii) extra power on large scales as indicated by observations of
large-scale clustering of galaxies and clusters and their flows, and iii) motivation from already
existent particle physics models.
I wish to thank my collaborators, Fred Adams, Dick Bond, Josh Frieman, Alan Guth, and
Angela Olinto. I acknowledge support from NSF (Presidential Young Investigator Fellowship
and Grant NSF PHY 9296020), the Sloan Foundation (Grant 26722 and a Sloan Foundation
Fellowship).
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